Superconducting Nanowire Single Photon Detectors On-Fiber 



Gil BacharQ Ilya Baskin, Oleg Shtempluck, and Eyal Buks 

Department of Electrical Engineering, Technion, Haifa 32000, Israel 

We present a novel design of a superconducting nanowire single photon detector (SNSPD) fab- 
ricated on a core of a single mode optical fiber. The proposed design allows high overlap between 
the fiber light mode and the detector, and consequently, our fabricated devices can remain small in 
dimension and maintain speed of operation, without scarifying the detection efficiency The on-fiber 
fabrication method is detailed, together with experimental results. The proposed method can be 
exploited in the future for the fabrication of other fiber coupled devices. 



Single photon detectors are needed in various fields of 
science and technology [TH2]- The main figures of merit 
used to qualify a single photon detector are: the detec- 
tion rate, the detection efficiency, the jitter, and the dark 
counts rate. Superconducting nanowire single photon de- 
tectors (SNSPD) [10J are considered as a promising tech- 
nology for an optical detection in the visible to near-infra- 
red band [lj. Achieving high coupling efficiency (77c) be- 
tween the light source and the detector remains an out- 
standing challenge. 

Maximizing 77c requires focusing the input light on a 
detector, which is typically defined as a square (or a cir- 
cle) with few micrometers side (or diameter), and is op- 
erated inside a cryostat. Methods based on free space op- 
tics [10] or mechanical cryogenic positioning of an optical 
fiber in front of the the sample [11] require complicated 
and expensive instruments, and suffer from poor align- 
ment stability. Alternatively, methods based on fixed 
alignment of an optical fiber to the sample \F2\ H3j suf- 
fer from a fiber-center to detector-center misalignment 
(referred hereafter as the center-to-center-misalignment 
or xqc) of a few micrometers at least [14]. For these 
fixed alignment procedures, an increase in the detector 
dimensions is inevitable, in order to keep rjc high. As 
the detector recovery time is linearly proportional to its 
area |T5j [16] , it is important to keep the detector as small 
as possible. For example, for a typical device, made of 
100 nm wide 5 nm thick niobium-nitride wires folded to 
an area of 25 um 2 , the recovery time is 2.5 ns [T5| fT6] 

In the present work, we propose an alternative system 
configuration, in which the detector is fabricated on a tip 
of an optical fiber. The on-fiber fabrication allows precise 
alignment of the detector to the fiber core, where the light 
intensity is maximal, while keeping the device small and 
fast. The proposed devices are simple to operate, small in 
size and do not require complicated optical or positioning 
equipment. 

The complete fabrication process is done on the top 
facet of a zirconia ferrule, taken from a standard flat 
polished fiber connector (FC-UPC), holding a single 
mode fiber for the telecommunication bandwidth (Corn- 
ing SMF-28 [17J). The ferrule facet has a diameter 
of 2 mm; the fiber having a 125 pm diameter is epoxy 
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Figure 1. Images of the detector. (A) A low magnification 
scanning electron microscope (SEM) micrograph of a SNSPD 
on a tip of a fiber (colored for clarity): the detector (green), 
the gold contacts (yellow) and the fiber (purple circle). (B) 
A higher magnification image. The thin 120 nm wide lines 
are folded in a meander form. The meander covers an area of 
25 pm 2 . (C) A photo of a mounted device. 



glued concentrically with the ferrule. We evaporate 5 nm 
thick chromium film followed by a 200 nm thick gold film 
trough a mechanical mask to form bonding pads. Next, a 
10 nm thick niobium nitride (NbN) film is deposited using 
a dc-magnetron sputtering system. The sputtering pro- 
cess is done from a niobium target in a vacuum chamber 
filled with mixture of argon and nitrogen gasses, while 
keeping the sample at room temperature pT5| H9] , The 
NbN film is covered in-situ with 100 nm of aluminum. 

To pattern the detector, we first narrow the NbN film 
to a 25 pm wide bridge using a focused ion beam (FIB) 
system with a relatively high current (2.1 n A). During 
this step the aluminum layer protects the NbN film from 
an exposure to the ion beam, and reduces gallium poi- 
soning [20-22J. After the first lithography step, the alu- 
minum layer is wet etched. The sample then undergoes 
a second lithography step, in which a meander is formed, 
using a low current (9.7 pA) FIB patterning. A fabricated 
device can be seen in Fig. [T] 

The FIB imaging system, which is used to align the 
detector to the fiber center, allows achieving xqc of less 
than 1 pm, limited mainly by the fiber-core to fiber-clad 
misalignment, given to be < 0.5 pm by Corning [17J. In 




Figure 2. An optical image of a detector, obtained using IR 
sensitive camera. The nanowire is not visible, due to the op- 
tical resolution limitation (see Fig. [I|3 for higher resolution). 
(A) the device under external illumination. (B) The external 
illumination is lowered and light is injected from the fiber, be- 
hind the detector (see Fig. [lp). The high accuracy alignment 
of the light spot to the detector is demonstrated; the center 
of the light Gaussian beam overlaps the area of the detector. 



Fig. [2] the low center-to-center-misalignment in our de- 
vices is demonstrated. 

In order to estimate the effect of the center-center- 
misalignment on the detection efficiency, we calculate r]c , 
namely the overlap between the Gaussian optical mode 
in an optical fiber [23J and a detector located close to the 
top facet of the fiber: 

t?c = 4(ttZ) 2 )- 1 J f exp(-4r 2 /£ 2 ) x g(v)dA, (1) 

where Do is the the mode field diameter and g(r) takes 
the a value of 1 if r is in the area of the detector, and 
vanishes otherwise. In Fig. [3] we plot r]c for a several 
detectors, with several xqc values, where we assume de- 
tector area fill-factor of 100% and a SMF-28 fiber. We 
can see that for xqc > 10 pm and relatively large de- 
tector with diameter of 15pm (panel A), r]c is less then 
20%. Even for xqc — 5 pm (panel B), r)c is limited by 
50% for detectors with less then 10 pm diameter. Note 
that for shorter wavelength fibers, the mode field diame- 
ter is even smaller and consequently misalignment results 
in even larger light loss. 

To characterize the detection performance, the fabri- 
cated device is inserted to a compact holder (Fig. [lp), 
and is wire bonded to a SMA connector. The SMA is 
used for both DC current bias and fast pulses output. 
The experimental setup is schematically presented in Fig. 
[4]A. In Fig. [4^>, we show the system detection efficiency 
(noted hereafter as t?sde) as a function of the bias cur- 
rent in one of our devices. The critical current in the 
presented device is Iq = 42 pA. The dark count, when 
the device is biased just below Iq, is measured to be 
10 Hz. Since t?sde does not saturate when approaching 
Iq [1\ and since the dark count rate is low compared to 
other devices reported in literature [lj, we conclude that 
the level of the uniformity of critical current along the 
meander is relatively low in our device. Further work is 
needed to identify the underlying mechanisms that are 
responsible for the poor uniformity. 
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To summarize, we demonstrate a SNSPD fabricated 
on a tip of an optical fiber, with very low misalign- 




Figure 3. The coupling efficiency (77c) between the Gaus- 
sian light beam with diameter Do and the detector with size 
Dd, where the center-center-misalignment is xcc- We assume 
D = 10.4pm (SMF-28), and detector fill factor of 1. (A) r] C 
vs. xcc for circular detectors with Dd = 5,10 and 15 pm in 
solid-blue, dash-green and dash-dot-red respectively. (B) r/c 
vs. Dr>. In solid-blue (dotted-blue) xcc = for a circular 
(rectangular) detector with diameter (edge) of Dd- In dash- 
green, xcc = 5 pm. In dash-dot-red: the light loss due to 
xcc = 5 pm relative to the xcc = case, i.e. the solid-blue 
curve divided by the dash- green curve. 




Figure 4. (A) The experimental setup. The device is con- 
nected in parallel to a load resistor, i?L, to prevent latching 
[16] . We use CW monochromatic laser at 1550 nm as a light 
source. The light is attenuated at room temperature to 10 nW 
and sent into a cryostat where the device is cooled to 3.5 K. 
Current is sourced from a computer-controlled battery. The 
current enters the direct current (DC) port of a bias-T and 
into the detector. The output signal is sent from the RF port 
of the bias-T trough a cryogenic amplifier and up to room tem- 
perature using a semirigid coax cable. The signal is further 
amplified at room temperature and sent to a pulse counter 
(Stanford Research SR-400). (B) The system detection effi- 
ciency (?7sde) of one of our devices as a function of the bias 
current. The error-bars represent the standard deviation for 
the measurement. (C) An electrical pulse from the detector 
after an event of a single photon detection. 

ment between the incoming light and the detector area. 
Though we achieve high coupling efficiency, more re- 
search is needed in order to increase the system detec- 
tion efficiency. A future work in this direction may in- 
clude adding an on- fiber optical cavity [24J , changing the 
superconducting material to a one more suitable for de- 
position on the amorphous Si02 fiber [25j[26] and cooling 
the device to lower temperatures [27J. 
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the Israel Ministry of Science, the Russell Berrie Nan- 
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supported by a Zeff Fellowship. 
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